Surfaces of three-dimensional topological insulators have emerged as one of the most remarkable states of condensed quantum matter 1-5 where exotic electronic phases of Dirac particles should arise 1,6-8 . Here we report a discovery of surface superconductivity in a topological material (Sb 2 Te 3 ) with resistive transition at a temperature of ∼ 9 K induced through a minor tuning of growth chemistry that depletes bulk conduction channels. The depletion shifts Fermi energy towards the Dirac point as witnessed by about two orders of magnitude reduction of carrier density and by very large (∼ 25, 000 cm 2 /V · s) carrier mobility. Direct evidence from scanning tunneling spectroscopy and from magnetic response show that the superconducting condensate forms in surface puddles at unprecedentedly higher temperatures, near 60 K and above. The new superconducting state we observe to emerge in puddles can be tuned by the topological material's parameters such as Fermi velocity and mean free path through band engineering; it could potentially become a hunting ground for Majorana modes 6 and lead to a disruptive paradigm change 9 in how quantum information is processed. at ambient pressure. The system undergoes a transition to zero resistance at the onset temperature T CR ∼ = 8.6 K. We note that this is the highest T C observed in a topological material at ambient pressure after synthesis (see Methods, Figs. S1, S2, and Table S1 for chemical and structural analysis). In the narrow Te pressure range 1.2 < P < 1.5 MPa, where superconductivity is found, the hole density is reduced by nearly two orders of magnitude (Figs. 1b and S4) to below ∼ = 10 18 cm −3 -a finding which should be contrasted with the increased electron density recorded in, e.g., superconducting Bi 2 Se 3 doped with Cu 10 .
appear to be of bulk origin.
In this report we demonstrate that surface superconductivity in the p-type topological material Sb 2 Te 3 can be induced by a small variation in Te vapor pressure during the crystal growth. Tellurium overpressure in a very narrow range, while making no detectable structural changes, acts to compensate bulk carriers so that in the superconducting state the hole carrier density relative to that in the non-superconducting state is reduced, upshifting the Fermi energy from the bulk valence bands towards the vicinity of the Dirac point. From frequency dependent magnetic response and local superconducting gap scanning tunneling spectroscopy (STS) we show that superconductivity originates in surface Dirac puddles at remarkably high temperatures, 60 K. The superconducting gaps observed in STS can be locally as large as ∼ 25 meV, which in Bardeen-Cooper-Schrieffer (BCS) theory would correspond to transition temperatures above liquid nitrogen. Global superconducting coherence is reached when interpuddle diffusion of depaired quasiparticles 15 establishes a percolative path connecting the puddles, at which point a superconducting resistive transition is observed. Figure 1a shows resistivity of Sb 2 Te 3 synthesized under ∼ 1.4 MPa Te vapor pressure during the high-temperature step of the crystal growth cycle (see Methods) and measured at ambient pressure. The system undergoes a transition to zero resistance at the onset temperature T CR ∼ = 8.6 K. We note that this is the highest T C observed in a topological material at ambient pressure after synthesis (see Methods, Figs. S1, S2, and Table S1 for chemical and structural analysis). In the narrow Te pressure range 1.2 < P < 1.5 MPa, where superconductivity is found, the hole density is reduced by nearly two orders of magnitude (Figs. 1b and S4) to below ∼ = 10 18 cm −3 -a finding which should be contrasted with the increased electron density recorded in, e.g., superconducting Bi 2 Se 3 doped with Cu 10 .
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In the same narrow pressure range the diamagnetism is strongly enhanced (Fig. 1b) , but the expected superconducting transition into Meissner field expulsion state is found to take place at a significantly higher temperature T CD ∼ = 55 K, see Fig. 1c .
The diamagnetic transition detected in dc magnetization is sharp; the measured signal is about 10 −3 of the full Meissner value of 1/4π expected in a superconductor and is nearly flat below ∼ 10 K. And while resistivity does not display any comparably strong features at T CD , scanning tunneling spectroscopy (STS) (Figs. 1d,e and Methods) shows a clear presence of superconducting energy gaps ( Fig. 1f and Fig. S3 ) that can vary locally from 0 to 20 meV. This patchy gap landscape indicates a laterally inhomogeneous superconducting state which within the BCS theory (using the gap equation 2∆(0) = 3.5k B T C , where k B is the Boltzmann constant) has local transition temperatures that can be greater than 60 K, inline with the temperature where the onset of diamagnetic Meissner signal is observed.
The resistive transition downshifts and broadens with increasing external magnetic field (Fig. 2a) . By tracking onset temperature T CR we map the field-temperature H − T phase diagram for the two field orientations: applied along the c-axis of the crystal, H c, and parallel to the ab-plane, H ab (upper and lower panels of Fig. 2a, respectively) . The low-temperature critical field anisotropy ∼ 1.4 at first glance is surprisingly small, given the large structural anisotropy of Sb 2 Te 3 (Figs. S1, S2). This suggests that the limiting field may be of spin rather than orbital origin. We estimate this field 16 by comparing magnetic g-factor, g ∼ = 50, gives H p (0) = 2.6
2 T , in good agreement with the experiment.
We surmise then that depairing is of paramagnetic (Zeeman) origin, with a small anisotropy of the g-factor.
Another prominent feature in the H − T phase diagram is the large high-field lowtemperature region in the superconducting state below the critical field H p where we observe de Haas-van Aphen (dHvA) quantum oscillations (inset in Fig. 2b The diamagnetism of the superconducting samples is also highly unusual. Differential dia- larger than any non-superconducting diamagnetism, and we identify its variation and magnitude with a sharp mesoscopic Meissner transition observed using SQUID (Fig. 1d) , while persistence of the finite frequency response coefficient, b, suggests existence of considerable superconducting fluctuations at smaller scales and significantly higher temperatures.
The large separation between T CR and T CD signifies two separate physical processes at work. The patchy network of large local superconducting gaps detected by STS and strong diamagnetic response above T CR unaccompanied by detectable transport signatures is most 4 naturally ascribed to isolated and well separated 'puddles' of local superconductivity, which we take to be congregating near the surface of the sample and very thin 21 , to account for the observed large orbital anisotropy of the response (Figs. 3g, f) , and also the overall depletion of bulk conducting channels (Figs. 1d, 4c) . The relatively sharply defined T CD implies that sufficiently many of these puddles are larger than the superconducting coherence length ξ (roughly estimated 22 at below ∼ 10 nm) so that we may ignore size effects on the local order parameter. Using Ginzburg-Landau phenomenology 16 with T CD being the critical temperature of the puddles, we obtain χ ∼ 1/λ(T ) 2 ∼ T CD − T in the strongly type-II limit, valid at high temperatures, in agreement with the approximately linear onset of χ 0 shown in Fig. 3g . Here λ is the magnetic penetration depth.
The resistive transition at T CR requires a mechanism for generation of Josephson (phase) coupling and establishment of global coherence of a sufficient fraction of these puddles. We
propose that long-lived quasiparticles that give rise to the observed magneto-oscillations also mediate Josephson coupling among puddles 15, 23 . When the separation between puddles is larger than the quasiparticle mean-free path, and there is good screening of charge fluctuations in and out of the puddles 15 , global coherence is attained once the typical puddle separation, a, is comparable to metallic quasiparticles' diffusion length a Based on this correspondence and on the observed patchy distribution of superconducting gaps, we associate the high temperature superconductivity in Sb 2 Te 3 with the assembly of Dirac puddles and identify the nature of the metallic matrix that mediates global superconductivity at T CR as 2DEG, the two-dimensional electron gas 25 . One reason for this assignment comes from the spin-orbit splitting δ 1.34 meV obtained from the beats in dHvA quantum oscillations (Fig. S6) ; it is comparable to spin splitting observed in e.g., a 2DEG InGaAs/InAlAs heterostructures with strong spin orbit coupling 24 . Figure (Table S2) where the Fermi level is pinned deeply within the valence band, or in the related families of TIs where carrier mobilities at best are on the order of a ∼ 1000 − 3000 cm 2 /V · s.
We remark that two-dimensional superconductivity that has been found in 2D electron gas at the interfaces between two band insulators, LaAlO 3 and SrTiO 3 occurs below 200 millikelvin 27 , a much lower temperature than we observe; the high T C in Sb 2 Te 3 is a likely spillover from the superconducting puddles 28 supporting pairing of helical Dirac holes.
Puddles have been known to form at low carrier densities in other two-dimensional Dirac 6 systems 29 owing to nonlinear screening effects 30 . The striking new superconducting surface state that emerges in puddles in a TI is potentially tunable through material's control, e.g., of the quasiparticle mean free path, as well as the system's Fermi velocity.
Methods
Single crystals of Sb 2 Te 3 were grown in evacuated quartz tubes in a horizontal gradient furnace heated to 1000 o C and cooled to room temperature in 7-10 days. The starting materials used were cm-sized chunks of Sb (purity 99.9999%) and Te (purity 99.9995%) from Alfa-Aesar used in stoichiometric ratios. The critical parameter was Te pressure during the high temperature segment of the growth process; it was determined from the ideal gas equation P = nRT max /V , where T max is the highest temperature used, V is the enclosed volume, n is the umber of moles of the material, and R is the ideal gas constant. The structure and composition of crystals grown in the 0.4
MPa to 3 MPa pressure range was determined from X-ray diffraction and glow discharge analysis (Evans Analytical Group) that determined impurity content (< 0.6 ppm wt) of the final crystals Spectroscopic imaging was carried out over a grid of points (either 128 × 128 or 256 × 256 pixels)
at various energies using the same lock-in amplifier parameters. Fourier transforms (FFTs) are affine transformed to correct for drift and then hexagonally averaged to enhance signal to noise.
Transport and susceptibility measurements were performed in a 14 Tesla Quantum Design PPMS system in 1 mT of He gas. For transport, lithographically patterned Au/Ti contacts were fabricated on 100 nm thin crystals exfoliated onto SiO 2 /Si substrates. Differential susceptibility was measured in a compensated pickup-coil detection configuration with the excitation/detection coils designed to align with the applied static field. The ac excitation amplitude was set at 10 −5 T in a frequency range up to 10 kHz. The system was calibrated using paramagnetic Pd standard and superconducting Nb. dc magnetization measurements were performed using Quantum Design SQUID Magnetometer in up to 5.5 Tesla fields.
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B. GDMS Elemental analysis
Glow discharge mass spectrometry (GDMS) analysis of superconducting Sb 2 Te 3 lists the impurity content in these crystals, see Table S1 . The impurity content is the same in the nonsuperconducting Sb 2 Te 3 . GDMS was performed by Evans Analytical Group (EAG). It has detection limits on the sub-ppm range for most elements that are nearly matrix-independent.
In this technique, collisions between the gas-phase sample atoms and the plasma gas pass energy to the sample atoms, exciting the atoms. The atoms then loose their energy by emitting light with the atom specific wavelength. From the intensity of emitted light the atomic concentration can be determined. Sample atoms are also ionized through collisions that then are detected by mass spectrometry. The impurity content of all elements detected in Sb 2 Te 3 matrix is less that a small fraction of ppm.
Element
Concentration (ppm weight) Concentration (weight ratio) 18 C. Superconducting gap mapping using scanning tunneling spectroscopy shows it also to be p-type. Here, however, carrier densities determined from Hall and dHvA (top outset) are identical n = 1.4 × 10 18 /cc, and over an order of magnitude lower than in the superconducting samples. This is consistent with the location of the Fermi level just below the Dirac point, and nearly on top of the valence band (Fig. 4c) .
Variation of carrier density with Te pressure (Fig. 1 Fig. S3 .
The beating effect in dHvA oscillations implies the existence of two closely spaced frequency components with similar amplitudes (see Fig. 4a ). This has been seen in In Based on the material parameters in Table S2 , we obtain the diffusion constant D = v F /2 = 0.025 m 2 /s, and the typical interpuddle separation a ≈ 140 nm. From the area A of the sample A = 12.6 mm 2 we estimate the total number of puddles to be on the order n ≈ A/a 2 ≈ 6 · 10 8 . Next we compare the absolute value of the diamagnetic response and relate it to the single puddle's response by assuming simply additive contributions of individual monodispersed puddles, V χ 0 ≈ nχ 1 , where V is the sample volume and χ 1 is the average extensive susceptibility of one typical puddle. Using V ≈ 2.5 mm 3 we obtain χ 1 ≈ 2·10 −22 at low temperatures. Relating this value to puddles' dimensions, e.g., radius R and thickness t 21 , is complicated at high temperatures without an independent measurement of the local penetration depth, λ. However, at low temperatures and for sufficiently large puddles we assume field exclusion which significantly simplifies the analysis, yielding χ 1 =
−4R
3 . Independence of this expression of the thickness t is due to large demagnetization correction 20 . The estimated puddle size of about R ≈ 37 nm is comparable to the size scales of surface Dirac puddles observed by scanning tunneling microscopy 26 .
G. Frequency and temperature variation of the ac response
Complex susceptibility, χ(ω, T ) = χ (ω, T ) + iχ (ω, T ), is characterized by reactive inphase response, χ (denoted χ in main text), but also has a dissipative out-of-phase component χ 20 . We can readily identify the dissipative component with eddy current heating
, where σ(T ) is the temperature dependent dc conductivity (Fig. S7) . in the ω 2 term is varying smoothly, dominating the total variation of χ at finite frequencies. This variation is consistent with kinetic inductance of the patchy distributed 2DEG network discussed in the main text.
